A gelatin phantom containing an optically scattering funnel-shaped region of elevated optical density (OD) was used to examine light-scattering-induced artefacts in a cone-beam optical CT scanner used for gel dosimetry. To simulate polymer gel dosimeters, the opacity was introduced by adding a colloidal scatterer to the gelatin. Scatter results in an underestimate of OD (hence dose). In line profiles of OD taken from 3D reconstructions of the funnel, those profiles with a long pathlength through high OD regions exhibited a 'dishing' (or 'cupping') artefact, while those of short pathlength exhibited the opposite effect-'doming'. These phenomena are accounted for by a model that includes the effect of stray, scattered light.
Introduction
Dosimetric polymer gels such as PAG (Baldock et al 1998) , PAGAT (Venning et al 2005) and their many other incarnations (DOSGEL 1999 (DOSGEL , 2001 (DOSGEL , 2004 (DOSGEL , 2006 ) undergo a dose-dependent change in opacity (optical density) when exposed to ionizing radiation due to the formation of polymerized and cross-linked light-scattering regions. Optical CT (Gore et al 1996 , Oldham et al 2001 , Krstajić and Doran 2007 , Sakhalkar and Oldham 2008 can be used to extract a 3D dose map from exposed dosimetric polymer gels. For small to moderate concentrations of these polymerized regions, optical extinction obeys the Beer-Lambert law:
where T is the optical transmittance, x is the pathlength and is the optical density (OD or more strictly, extinction coefficient). Under these conditions, OD should be proportional to the concentration of scattering centres, and ideally to radiation dose over a useful range of dose (Gore et al 1996) . For larger doses, various phenomena can cause the OD versus dose relationship to deviate from linear, including scattered stray light entering the detector (Wind and Szymanski 2002) and the saturation of radiation-induced polymerization in the dosimeter (Baldock et al 1998) .
Some polymer gels exhibit nonlinear behaviour also at low dose with respect to their magnetic resonance properties (De Deene 2000) , but this is not necessarily reflected in their OD (Gore et al 1996 , Bosi et al 2007 .
Though more stable than (optically absorbing) xylenol orange Fricke gels (Appleby and Leghrouz 1991 , Baldock et al 2001 , Healy et al 2003 , polymer gel dosimeters are by design more optically scattering which produces stray light and hence artefacts in optical CT reconstructions of dose distribution (Bosi et al 2007) .
In an earlier paper (Bosi et al 2007) , a layered finger phantom was developed to investigate optical scatter in optical CT of polymer gels. The commercial antiseptic Dettol TM (Reckitt Benckiser) was added to porcine gelatin to produce a colloid exhibiting an 'opalescence' or 'Tyndall scattering' similar in appearance to an exposed gel dosimeter. Antiseptic concentration was varied to simulate regions of differing dose. By comparing phantom ODs with ODs measured in real PAGAT gels exposed to Co-60 radiation, an example 'calibration' curve was produced for matching dose to an optically equivalent antiseptic concentration.
Testing of the optical CT scanner using the layered finger phantom instead of a real, exposed gel dosimeter allowed investigation of optical artefacts, without the complications introduced by true variations in OD due to variations in dose versus depth or radial position in the linac beam or nonlinear OD behaviour due to the chemical properties of the polymer gel.
It was found that because of scattered stray light, optical CT underestimated larger ODs and also that profiles of uniform OD regions in the central finger exhibited a 'dishing' or 'cupping' artefact. The severity of these artefacts increased with increasing OD, resulting in an 'optical saturation' of the OD versus concentration curve at high concentration. Two facts provide assurance that possible differences in scattering particle size distribution between phantom and dosimeter could be ignored when comparing scattering in the phantom and a dosimeter. Firstly, the scanner was operated at a single wavelength, rendering irrelevant any differences in the wavelength dispersion properties of Dettol gel and dosimeter gel. Secondly, it was shown (Bosi et al 2007) that for measurements in 1 cm pathlength cuvettes, the onset of optical saturation occurred at the same OD for both irradiated PAGAT and Dettol gelatin, suggesting that the dependence of detected stray light on OD is similar in both materials.
The following work shows that increasing optical pathlength in the central feature of the phantom has similar effects to increasing OD and confirms that stray, scattered light is again responsible for these artefacts. It also shows that light scattering due to increased OD in the background gel surrounding the more opaque central feature results in an inverse cupping artefact ('doming') in the central feature. The implication of these observations is that scattering and stray light must be taken into account in using cone beam optical CT with polymer gel dosimeters.
Experimental procedure
Imaging was performed using a cone beam optical CT scanner (Miller et al 2005) (Vista elsewhere (Bosi et al 2007) ) consists of a diffuse light source illuminating a dosimeter/phantom contained in a cylindrical 9.5 cm diameter by 13 cm high screw-top PETE vessel mounted in an aquarium filled with water for refractive index matching. A CCD camera fitted with a 633 nm wavelength filter collects monochromatic transmission projection images (e.g. figure 1 (a)) while the vessel is rotated. A 3D map of OD (figure 2(a)) is then reconstructed using software (VistaRecon TM ) accompanying the scanner which employs the FDK backprojection algorithm (Feldkamp et al 1984) . 512 projections were employed and the resolution of the reconstruction was 0.25 × 0.25 × 0.25 mm 3 per voxel. A procedure similar to that used for the layered finger phantom (Bosi et al 2007) was employed to create a phantom consisting of a funnel-shaped region of uniform higher OD gel (higher antiseptic concentration) set in a background region of uniform lower OD gel (lower antiseptic concentration) inside the PETE screw-top vessel. A glass laboratory funnel was used to mould the cavity in the middle of the phantom which was then back-filled with higher OD gelatin. The nominal composition of the gelatin was 52.6 g of 300 bloom porcine gelatin powder per litre of water. The nominal Dettol TM concentrations were 0.41% (w/w) for the higher OD gel and 0.15% (w/w) for the lower OD gel.
For gel dosimetry, optical CT requires measurement of the gel dosimeter in both the exposed and unexposed states to establish the reference baseline OD, so a second, reference phantom was made consisting of gelatin and antiseptic mixed to have the same, lower OD as the background region of the funnel phantom (regions 2, 3 and 4 in figure 3 ).
Based on the example calibration curve produced for the layered finger phantom (Bosi et al 2007) , the difference in OD between the funnel and background/reference gels is roughly equivalent to a dose of 2 Gy in the funnel region. This figure should be regarded only as indicative because it will depend on the precise formulation of polymer gel used.
The addition of antiseptic to the background (and reference) gels for the funnel phantom contrasts with the earlier layered finger phantom (Bosi et al 2007) in which the background (and reference) gels were pure gelatin and hence of lower OD.
Results and discussion
Once the reconstruction (figure 2(a)) was generated, ImageJ (National Institute of Health, open source) was used to extract plots of OD profiles (figure 2(b)) along radial lines through different cross-sections of the funnel to examine the effect of pathlength through the high OD region. The gels were prepared to have uniform antiseptic concentration (hence OD) in each region, so ideally all the plots in figure 2(b) should be rectangular plateaus of equal height-any curvature visible in the OD profiles is an artefact.
As might be expected, the wider the cross-section (i.e. the longer the pathlength) the more severe the dishing and underestimation of OD (thicker line plots in figure 2(b) ). However, for the narrowest cross-sections (thinner line plots in figure 2(b) ), the peak exhibits an inverted dishing or 'doming'. In the finger phantom (Bosi et al 2007) , dishing was shown to be caused by the scanner camera detecting stray, scattered light thus underestimating OD. Dishing occurs because for regions of longest pathlength, true transmittance is lower, so the stray light represents a larger fraction of the apparent transmittance; hence, the underestimate of OD through the thicker centre of a region is more severe than the periphery. However, explaining doming requires a more complex model than was used to explain the finger phantom results. First the funnel and reference phantom projection images to be used for model fitting were corrected for spatial variations in light source intensity by dividing projection pixel intensities by pixel intensities from a scanner image containing no phantom. Then horizontal line intensity profiles through a corrected funnel phantom projection image were divided by corresponding profiles through a corrected reference phantom projection to yield (apparent) transmittance profiles. Some of these transmittance profiles are plotted on a negative logarithmic scale in figure 1(b) .
Modelling was applied to the intensity-corrected funnel and reference phantom projection image profiles and their resulting transmittance profiles (rather than OD profiles from the reconstruction). Light received by the camera was assumed to consist of two components: directly transmitted light (obeying the Beer-Lambert law, equation (1) plus stray light, scattered indirectly into the camera.
In all regions of the phantom, the detected stray light originates from all depths within the body of the intervening scattering medium ( figure 4(a) ). However, in the vicinity of the boundary of a highly turbid region, a component of the stray light is better treated as though it illuminates that boundary ( figure 4(b) ), in this case, the funnel region boundary. Although this illumination would extend through the interface, for simplicity it was assumed that if the region behind the illuminated boundary is sufficiently turbid, then it can be treated as though that component of the stray light originates at the interface.
The intensity of the detected stray light as seen by the camera was assumed to be uniform across horizontal lines (but not vertically) within each of the two contiguous 2D fields identified in figure 1(a) . In other words, variation in pathlength for different horizontal positions in each field is assumed to have a negligible effect on the perceived intensity of the stray light. This is a simplified but quite a good assumption that yields good fits to experimental images (Bosi et al 2007) except for the penumbra region near interfaces between the two fields (see figure 3) .
The effect of scattered stray light in the reference phantom was also modelled. For horizontal profiles through 2D projection images, the (apparent) transmittances of the reference phantom (T ref ) and the side (T side ) and funnel (T fun ) fields of the funnel phantom were assumed to be of the forms The experimental transmittance profile data were fitted to the model apparent transmittance plots using least-squares regression (three examples being shown in figure 5 ). The experimental plots were fitted closely, except in the penumbra region near the boundary between the side and funnel fields.
What happens to the stray light within 3D regions versus depth is complex, requiring a rigorous treatment of the scattering. But judging from the successful fit to this model, the 3D behaviour of stray light when projected onto 2D fields is adequately accounted for by the simple assumption of horizontal uniformity with negligible pathlength dependence. This success is probably due in part to the high degree of symmetry of this phantom and so this simple treatment of stray light would not be adequate to model more complex dose maps from realistic dosimeters.
Another factor that may contribute to the success of the uniformity assumption is that where this uniformity is most likely to fail (namely approaching the edges of a field where the pathlength is rapidly changing versus horizontal position) the direct transmittance is large, so the stray light contribution to transmittance is small making transmittance insensitive to deviation of the ideal stray light behaviour.
The penumbras evident in figure 5 result from the fact that scattering in the background region causes the edges of the shadow cast by the funnel (the boundary between regions 2 and 4) to become diffuse so that stray light intensity transitions gradually between the side field of the image (light passing through region 2) and the funnel field of the image (light passing sequentially through regions 3, 1, 4), rather than switching abruptly between fields as the model assumes. To investigate the contribution of the penumbra region to the observed artefacts, synthetic projection images of the funnel were generated using the fitted model profiles (including their artificially sharp boundaries at the edge of the funnel region) and reconstructed with the same algorithm as the experimental projections. These reproduced the dishing in wide OD profiles, but failed to reproduce the doming artefact in narrow profiles ( figure 6(a) ). Moreover, all OD profiles exhibited sharp horns at the edges of the funnel analogous with truncation artefacts in x-ray CT, i.e. an elevation of CT number near a truncation boundary (Hsieh et al 2004) .
When simple linear penumbras approximating those observed in figure 5 were manually added to the model profiles and converted to synthetic projections, the horns were eliminated and the reconstructed OD profiles (figure 6(b)) exhibited doming artefacts for the narrow, low pathlength profiles. Therefore, doming occurs within a central region of elevated OD in situations where a scattering-induced penumbra results in a gradient of stray light at the boundary of that region.
A smeared-out boundary in the projections (whether due to scattering or any other mechanism) leads to a boundary in the reconstruction which is smeared out on both sides of the boundary, as is evident in the synthetic reconstructions in figure 6 . Put simply, an ideal horizontal plateau, when sufficiently smeared out as in this case, resembles a dome. In the presence of scattering, doming will always be there, but can be rendered invisible by a severe enough dishing artefact. The extent of the doming would depend mainly on the size of the penumbra, which will depend mainly on the pathlength and OD of the background in regions 2 and 4 in this phantom.
Very weak doming and much smaller penumbras were also evident in the profiles of the four lowest OD layers in the earlier layered finger phantom (Bosi et al 2007, figure 4(b) ) but owing to the weakness of these effects, were not noted in that paper. In contrast with the present phantom, the background gel in the layered finger phantom was gelatin only, with no added Dettol and so had a lower OD than the background gel in the present phantom. The lower OD meant less scatter in the background gel, explaining the much smaller penumbras and hence the much smaller doming.
To give some measure of the turbidity difference between the background/reference gel in the layered finger and that in the funnel phantom, based on the example calibration curve produced for the layered finger phantom (Bosi et al 2007) , the difference in OD between them corresponds to a dose of roughly 0.5 Gy. The OD of an unexposed PAGAT dosimeter typically lies between these two background/reference gels.
Conclusions
Both dishing and doming artefacts can be accounted for entirely by scattered stray light. In this highly symmetric phantom, the simple assumption of horizontally uniform stray light in each region of the image, accurately fits the optical behaviour (except in the penumbra) and accounts for the dishing artefact. However, a smooth spatial transition of stray light intensity within the penumbra is required to account for doming.
To reconstruct more complex dose maps in realistic dosimeters subject to optical cone beam CT would require a more sophisticated reconstruction algorithm which includes a model for optical scattering (perhaps based on optical diffusion or a Mie scattering-based Monte Carlo model) to mitigate the observed artefacts. Because of the similarity between optical and x-ray CT, algorithms used to correct similar artefacts in x-ray CT could be adapted to the optical case.
